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The first goal of this study was to identify genomic regions associated with RFI in 101 lactating Holstein cows, and compare those regions to QTL influencing traits underlying RFI, 102 including DMI, maintenance energy requirements, and milk energy output. The second goal was 103 to identify potential candidate genes that are located within RFI QTL and known to function 104 within physiological pathways relevant to feed efficiency. To that end, we utilized data from 105 nearly 5,000 lactating Holstein cows to identify genomic regions and candidate genes associated 106 5 with RFI and related traits. Differences in the genetic basis of RFI associated with parity were 107 also explored. 108
MATERIALS AND METHODS 109

Data Collection 110
For detailed information on the collection of phenotypes used in this project, see 111
Tempelman et al. (2015) . For the current study, phenotypes meeting the criteria outlined below 112 were available on 6,453 cows from research stations within the United States, Canada, the 113 Netherlands, and the United Kingdom. Records were very heterogeneous as described in 114
Tempelman et al. (2015) , but for each cow, most of the research stations provided daily feed 115 intake and milk production, a minimum of starting and ending BW for the recording period and 116 biweekly observations of milk fat, protein, and lactose percentages. Only measurements 117 collected between 50 and 200 DIM were used because this is when the cow is at peak DMI, and 118 BW is relatively stable. 119 Individual measurements were edited and then combined to form one 28-day average 120 phenotype each for DMI, milk energy (MilkE; determined as the sum of the energy in the fat, 
where parity i is the fixed effect of parity (primiparous or multiparous), order Legendre polynomial regression of DMI on DIM with parity-specific regression 128 6 the herds providing data, by using bivariate analyses, we accounted for any bias in variance 152 component estimation that may have been due to culling. For DMI, MilkE, and MBW, within 153 each trait, the following model was used: 154
where parity-specific (primiparous or multiparous) fixed and random effects were denoted by 156 subscript i, y ijlmno is the observed DMI, MilkE, or MBW with overall mean µ i , 
where I denotes the identity matrix; G denotes the genomic relationship matrix that was 164 constructed according to the first method of VanRaden (2008) σ denoting the residual covariance between the two parity groups. Because 174 systematic effects were accounted for during calculation of RFI, only the animal effect was 175 considered in the bivariate analysis between RFI estimated in primiparous and multiparous cows. 176
Genome-wide Association Analyses 177
Genome-wide association analyses were performed to identify QTL related to RFI, DMI, 178 MBW, and MilkE using GenSel version 4.0 (Fernando and Garrick, 2009; Garrick and Fernando, 179 2013 ). Because the current version of GenSel does not accommodate random effects other than 180 marker effects, adjusted phenotypes were calculated as the sum of the animal and error terms 181 from univariate analyses according to the models described above. Method Bayes B was used to 182 identify QTL using the following model: iterations were considered the most probable in harboring a QTL and declared significant (Wolc 213 et al., 2012) . Additional windows of interest were defined as any non-significant window of the 214 ten windows explaining the greatest proportion of TGVM for each analysis. 215
Under the hypothesis that SNP located in adjacent windows explaining large proportions 216 of the total genetic variance were doing so because of linkage disequilibrium (LD) with a single 217 QTL, these windows were combined into an extended window to estimate the total amount of 218 genetic variance explained by that QTL. Specifically, the decision to combine windows was 219 made if two adjacent or nearly adjacent windows were among the ten explaining the greatest 220 proportion of TGVM for each analysis, and the window was extended beyond two Mb so that it 221 was continuous and to include any other adjacent windows in the two percent of windows 222 explaining the greatest proportion of TGVM for each analysis. As with 1-Mb windows, 223
confidence that an extended window harbored a QTL was tested by considering whether or not it 224 explained a greater than expected percent of the TGVM. To calculate the expected TGVM for 225 these extended windows, the expected percentage of the TGVM for each 1-Mb window 226 (0.037%) was multiplied by the number of 1-Mb windows that were combined. Estimates of the 227 percentage of the TGVM of each extended window were generated using MCMC sampling with 228 120,000 iterations with every 100 th iteration of the last 100,000 iterations stored. As with 1-Mb 229 windows, a threshold of 0.80 was used such that if greater than 80% of the iterations generated a 230 percentage of the TGVM greater than expected for the extended window, the region was defined 231 as significant and harboring a QTL. 232
Identification of Candidate Genes 233
Positional candidate genes that may harbor mutations underlying the genetic variance in 234 windows with greatest percentage of the TGVM were explored using the NCBI genome database 235 
RESULTS AND DISCUSSION 241
Records from a total of 4,916 cows were used, and 826 of these cows contributed both 242 primiparous and multiparous phenotypes (Table 1) . On average, multiparous cows had greater 243 DMI, MBW, and MilkE compared to primiparous cows ( Table 2 ). The range in RFI of 244 multiparous cows was approximately twice as great as that of primiparous cows. 245
Genetic Parameters 246
Feed efficiency is a complex trait (an outcome) that is influenced by multiple underlying 247 traits, including DMI, milk production, and maintenance energy requirements. Heritability 248 estimates for DMI, MBW, and MilkE in primiparous and multiparous cows ranged from 0.20 to 249 0.51 (Table 3) , which is within the range of estimates previously established for these traits (for 250 example, see Veerkamp, 1998; . Our research also establishes a significant genetic 251 component for RFI with heritability estimates ranging from 0.13 to 0.18 based on the current 252 genomic analyses (Table 3) estimates of residual variance in multiparous cows were nearly three times estimates in 270 primiparous cows, leading to a much greater heritability estimate in primiparous cows (0.39) 271 than in multiparous cows (0.22). Additionally, the genetic correlation between RFI in 272 primiparous and RFI in multiparous cows was less than 1 (Table 3) , further supporting that the 273 underlying genetic variation differs in part between primiparous versus multiparous cows. 274
Genome-wide Association Study for RFI 275
The GWAS demonstrated that even though the regulation of RFI includes a genetic 276 component, this regulation is highly polygenic with no individual region explaining a large 277 proportion of the total genetic variation. All GWAS converged. In primiparous cows, the 1-Mb 278 window with the greatest TGVM was located at 1 Mb on BTA 12 (Table 4) , while in 279 multiparous cows the window with the greatest TGVM was found at 33 Mb on BTA 28 (Table  280 5). No single window was considered statistically significant for either primiparous or 281 (Table S1 and Therefore, adjacent windows in these regions were combined into extended windows to 285 determine if they explained a greater than expected proportion of the TGVM. Together, the 286 extended windows on BTA 27 explained 2.13% of the TGVM, and 95.3% of these iterations had 287 a greater TGVM than expected for the region (Table 6 ). Thus a significant QTL for RFI in 288 primiparous cows resides in the region of 31 to 38 Mb on BTA 27 (Supplemental Figure S1 ). In 289 multiparous cows, the extended region on chromosome 4 explained 1.5% of TGVM and 79.5% 290 of the iterations explained greater than the expected proportion of TGVM. 291
GENETIC BASIS OF FEED EFFICIENCY IN DAIRY multiparous cows
The significant QTL on BTA 27 has previously been associated with variation in DMI in 292 primiparous cows (Veerkamp et al., 2012) and harbors multiple genes (Table 7) Prior studies that identified QTL for RFI were primarily focused on RFI in growing dairy 320 cattle or beef steers, and studies of relatively small populations of lactating mature cows (Table  321   8 ). An earlier analysis using novel methodology and a subset of data used in the current study 322 identified 188 SNP s associated with RFI (Yao et al., 2013) . Only one region of the 10 most 323 significant regions reported by Yao et al. (2013) and the current study were in common. 324
However, Yao et al. (2013) and the current study each identified a region on BTA 11 that fell 325 within the same confidence interval identified in beef cattle (Sherman et al., 2009 ). Many of the 326 significant or most explanatory regions were unique across studies. This observation further 327 supports the conclusion of the current study that RFI is a highly polygenic trait, and may suggest 328 that the identification of QTL influencing RFI is highly sensitive to specific populations, 329 statistical approaches, and definition of RFI studied. 330
Using data from 527 primiparous cows, Verbyla et al., (2010) predicted that there are 472 331 QTL for energy balance, which is mathematically equivalent to RFI (Veerkamp, 1998) . With 332 only 527 phenotypes, power was not high enough to be able to detect significant QTL, but the 333 authors suggested with more phenotypes, GWAS could lead to identification of possible 334
candidate genes related to energy balance. As such, we used 4,916 cows in the present study. 335
However, the improvements in power were limited by dividing the records into primiparous and 336 multiparous groups and the lower heritability estimated in this study than in Verbyla et al. In multiparous cows, 4 windows (BTA 14, 18, 22, and 28) were considered significant 347 and all were associated with MBW (Table 5 ). The gene-rich region on BTA 18 (Table 9) Percentage of the total genetic variance explained by the window. x,x reflects the traits in the order of the columns from left to right.
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Rank is based on the total genetic variance explained by the window with rank = 1 denoting the window explaining the greatest percentage of total genetic variance explained for that trait. *In greater than 80% of iterations, the variance was greater than expected (0.37%) 669 29 Percentage of the total genetic variance explained by the window. x,x reflects the traits in the order of the columns from left to right.
Rank is based on the total genetic variance explained by the window with rank = 1 denoting the window explaining the greatest percentage of total genetic variance explained for that trait.
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X refers to the X-specific portion of the X chromosome *In greater than 80% of iterations, the variance was greater than expected (0.37%) 670 671 Percentage of the total genetic variance explained by the window. 672 The ten most significant locations, or in the absences of significance criteria, locations explaining the greatest proportion of genetic variance are provided.Format is Chromosome:Megabase (Mb) where the Mb may be a range (x -x) encompassing a confidence window. Results reported in centiMorgans were converted to Mb using an alignment to Baylor cattle SNPs provided by AnimalQTLdb. Locations published as SNP were converted to the whole Mb lying upstream of the SNP using the NCBI SNP database. Regions in bold are in common between 2 or more studies. Manhattan plots of 1-Mb windows for residual feed intake (RFI), DMI, and the energy sinks milk energy (MilkE) and metabolic body weight (MBW) in multiparous cows. Chromosomal location XA refers to the pseudo autosomal portion of the X chromosome with the X-specific markers the set of black markers at the right edge of the plots.
Supplementary Tables and Figures
Supplemental Figure S1 . Distribution of genetic variance for each of 999 iterations for extended windows spanning from A) 102 through 103 megabases (Mb) on BTA 3 for metabolic body weight (MBW) in primiparous cows, B) 31 through 38 Mb on BTA 27 for residual feed intake (RFI) in primiparous cows, C) 92 through 93Mb on BTA7 for MBW in multiparous cows and D) 92 through 95 on BTA 4 for RFI in multiparous cows. Labels for the x-axis denote the maximum value included in the corresponding bar. Expectations were 0.074%, 0.296%, 0.074%, and 0.148% for panels A through D, respectively. 
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